In this study, the frictional behavior of selected commercially available unfilled polymers, namely, polyether ether ketone, polytetrafluoroethylene, polyethylene terephthalate, and ultra-high molecular weight polyethylene against an Inconel shaft was investigated using a journal bearing test configuration in water-lubricated sliding contact. Dynamic friction curves were obtained for various shaft roughness values and polymer combinations. The results showed a significant influence of shaft surface roughness on running-in and steady state friction in water-lubricated conditions. Contact angle measurements revealed a significant increase in wettability of Inconel counterfaces. The X-ray photoelectron spectroscopy (XPS) analysis of the surfaces suggests formation of a reaction layer on worn Inconel surfaces when sliding against the polymers. The influences of counter surface roughness and load on frictional response of polymers were studied through intermittent tests by obtaining dynamic and breakaway friction maps for different polymer materials, shaft roughness values, and pressure combinations. In general, a trend of decreasing friction was obtained with increasing contact pressure; however, the materials' frictional responses to variations in counter surface roughness were different. These results indicate that although a reduced counter surface roughness may be beneficial for dynamic friction of polymers in all lubrication regimes, it can adversely affect the materials' breakaway friction response.
Introduction
One of the most important demands in hydropower industry nowadays stems from the increasing emphasis on preserving the environment. Application of mineral or synthetic oil as a lubricant in aqueous environments raises concerns about the environmental impacts these lubricants may have if they leak into downstream water. These concerns have led to efforts to use water as a lubricant and the emergence of the concept of an ''Oil-Free Plant'' for hydropower generating companies. This, however, poses many challenges which require consideration of the different aspects of bearing design, operating conditions, and selection of shaft and bearing materials. Due to considerably lower viscosity of water (0.66 cSt at 40 C) compared to that of turbine oils (32-68 cSt at 40 C), water-lubricated hydrodynamic sliding bearings operate at lower specific bearing pressures compared to their oil-lubricated counterparts. To achieve similar load carrying capacity, water-lubricated bearings are generally manufactured with larger length-to-diameter ratios (L/D) which exacerbates the issues associated with shaft/ bearing misalignment.
It is well known that the combined surface roughness of shaft and bearing surfaces plays an important role in determining the lubrication regime of sliding bearings. This role becomes even more crucial in water-lubricated bearings due to the much larger roughness to film thickness ratios in comparison to the oil-lubricated bearings.
Earlier simulations show the beneficial influence of reduced combined surface roughness on hydrodynamic lubrication of journal bearings. 1 Using a smoother shaft could potentially allow for applying higher loads and increased load bearing capacity while maintaining fluid film lubrication under certain operating condition. However, this not only affects the bearing performance in the hydrodynamic lubrication regime, but it can also influence the tribological performance of the system during start up and stop when a mechanical contact between shaft and bearing surfaces is inevitable.
In dry sliding contacts, Mofidi and Prakash 2 showed that a reduced friction can be obtained with elastomers in sliding against a rougher counter surface. Zsidai et al. found similar behavior with some thermoplastic polymers under low loads. 3 In another study, Quaglini et al. showed that an increased counter surface roughness influenced the material's frictional behavior depending on the polymers' elastic modulus 4 such that an increased counter surface roughness led to increased friction for soft polymers and decreased friction for polymers with high elastic modulus. Some other studies suggest the existence of an optimal surface roughness for minimal friction of different polymers. 4, 5 The influence of contact pressure on tribological behavior of polymers has been extensively studied earlier in order to evaluate the limiting pressure-velocity (PV) values for various polymeric materials in dry sliding conditions. However, in lubricated contacts frictional response of polymers differs from that in dry contacts due to the effects arising from the presence of the lubricating fluid. Adsorption and absorption of lubricant by polymers, plasticization, thermal effects, tribocorrosion of counter surfaces, and interference with buildup of transfer films are some parameters which may result in significantly different tribological behavior of a polymer in lubricated conditions compared to that in dry sliding. Despite the practical significance, very little work has been accomplished in regards to the effect of counter surface roughness or contact pressure on friction of polymers in lubricated conditions. 6, 7 This study is therefore aimed to study the influence of counter surface roughness and operating conditions on frictional behavior of selected polymers in a water-lubricated journal bearing configuration.
Experimental work Materials
Tribological studies were carried out using four different unfilled thermoplastic polymers, namely, polytetrafluoroethylene (PTFE), polyether ether ketone (PEEK), polyethylene terephthalate (PET), and ultra-high molecular weight polyethylene (UHMWPE). The characteristics of the materials are listed in Table 1 . The selection of the polymers was based on the results obtained from an earlier study on tribological behavior of polymers in water-lubricated contacts. 8 The shafts were made from Inconel 625 with chemical composition given in Table 2 . Inconel exhibits enhanced tribocorrosion resistance in aqueous environments. It is a preferred material for hydraulic piston rods in offshore applications exhibiting high performance with no failures even after 20 years of operation in marine environment. 9 It is also a preferred material over stainless steel for application as the shaft sleeve in water-lubricated stern tube bearings. 
Test specimens
The test shafts were machined from rods and polished to the desired surface roughness using various grades of SiC sand paper (#800P-#4000P). Surface roughness measurements were carried out using a stylus profilometer. The measurements were performed along the shaft periphery's four quadrants in the axial direction. Table 3 presents the shaft roughness characteristics averaged from four measurements. Plain polymer bearings were machined from polymer rods and press-fitted into stainless steel bushings (Figure 1 ). The bearing linings were prepared with different wall thicknesses for each material, considering the large differences in elastic moduli of the polymers (0.4-3.6 GPa). This was done to achieve similar lining deformations and contact pressures in the loaded region of the bearings. Table 4 presents the polymer lining dimensions, deformations, and contact pressures for different materials at specific bearing pressure of 0.3 MPa.
Experimental setup and procedure
The experiments were carried out using a small-scale journal bearing test rig. The detailed description of the test rig can be found in Ref. 10 .
Distilled water was supplied to the clearance of the bearing at atmospheric pressure and room temperature (23 C) through a hole placed opposite to the contact region of the bearing. The load was applied to the bearing housing using a lever arm loaded with dead weights. The friction force was continuously measured by a strain gauge force transducer coupled to the bearing housing.
All the shafts and polymer bearings were ultrasonically cleaned with ethanol and dried in air prior to tests.
Each bearing was run in at sliding speed of 0.06 m/s (40 r/min) for 4 h. Dynamic friction curves were obtained with variation in speed for each material and shaft roughness combinations at different time intervals during running in.
This allowed studying the influence of shaft roughness on evolution of friction during the running-in period as the surfaces experienced physical/chemical changes. The experimental conditions for obtaining dynamic friction curves during running in are given in Table 5 .
Following the running in of the bearings, breakaway and dynamic friction maps were obtained for each material, shaft roughness, and pressure combination. This was achieved through intermittent motion of the shaft (start/stop cycles) at the lowest practical rotational speed of the tribometer. Figure 2 gives an example of the data stream from a typical intermittent test showing a number of start/ stop cycles. Breakaway friction was determined from the maximum static friction occurring at the initiation of relative motion during each start/stop cycle. An average of 100 peaks over the length of each test was used to determine the breakaway friction of the materials. A full description of the test conditions for the intermittent tests is provided in Table 6 .
At least three repetitions were carried out for each test combination throughout this study and the results were averaged from these test runs. Figure 3 shows the dynamic friction behavior of the materials versus sliding speed at different stages of running in using shafts with Ra surface roughness of 0.02 and 0.4 mm. The hump in friction observed at sliding speed of 0.55 m/s is due to the vibrations caused by approaching natural frequency of the test rig at specific rotational speed of the motor. In general, all the materials showed a trend of decreasing friction coefficient during the running-in period and this trend was consistent with shafts of different surface roughness values.
Results

Friction evolution during running in
However, a considerably larger reduction in friction during running in was obtained when experiments were carried out using the smoothest shaft (Ra ¼ 0.02 mm) compared to the case with the roughest shaft (Ra ¼ 0.4 mm). PEEK, PTFE, and PET exhibited a lower initial friction followed by 50-75% reduction in friction during running in when using the smoothest shaft. A marginal reduction in friction during running in (approx. 10%) was obtained when the experiments were carried out with the roughest shaft.
After the running-in period, frictional behavior of the materials obtained with smooth and rough shafts was significantly different. Figure 4 shows the average dynamic friction curves obtained for each material after 4 h of running in using shafts of different surface roughness. UHMWPE bearings provided almost unchanged friction with variation in sliding speed or shaft surface roughness.
However, it was a different case for the remainder of the materials; a decreased shaft roughness not only reduced friction at high sliding speeds but also led to a considerable reduction in friction in the boundary/ mixed lubrication regime, simultaneously shifting the friction curves down and to the left.
As shown in Figure 4 , a considerable reduction in friction was obtained by reducing the shaft surface roughness from 0.4 to 0.1 mm; however, a further reduction in friction by using a smoother shaft (Ra ¼ 0.02 mm) was marginal and less significant.
Friction maps
Breakaway and dynamic friction maps were obtained for all materials after the 4-h running-in period. More than 300 tests were carried out to investigate the influence of bearing pressure and shaft surface roughness on frictional behavior of polymers in water. Figure 5 shows the results of average breakaway and dynamic friction coefficients of different polymeric materials obtained with variation in specific bearing pressure and shaft surface roughness. The friction trends observed for different materials are described as follows:
PEEK. At the lowest specific bearing pressure, PEEK exhibited a trend of decreasing friction with decreasing shaft surface roughness. The reduced combined surface roughness increases film parameter and enhances lubrication of the surfaces when using a smoother shaft. However, with an increase in load, a considerably higher friction was obtained, while no consistent trend or a significant change in dynamic friction could be observed with further variations in pressure or shaft surface roughness. At breakaway, PEEK exhibited a different frictional response to variations in shaft roughness and contact pressure with a trend of decreasing friction with increasing shaft roughness and bearing pressure.
UHMWPE. UHMWPE showed similar trends in dynamic and breakaway friction maps. Variations in shaft roughness led to marginal changes in friction while a trend of decreasing friction with increasing pressure could be observed with more pronounced effects occurring at breakaway compared to dynamic friction.
PTFE. PTFE exhibited a reduction in friction with reduced shaft surface roughness. More pronounced effects of pressure on friction were observed with high shaft roughness values; however, in general a trend of decreasing friction was found with increasing pressure for PTFE.
PET. The dynamic friction map of PET is not included in Figure 5 due to the large scatter in the results. However, in accordance with the breakaway friction found for PEEK, PTFE, and UHMWPE, a trend of decreasing friction coefficient could be observed with increasing pressure for PET.
In general, a trend of decreasing friction was obtained with increasing contact pressure for all materials while frictional response to variations in shaft surface roughness varied from one material to another.
A trend of increasing friction was observed with increasing shaft roughness for PTFE whereas an opposite trend was obtained with PEEK at breakaway. No significant dependence of friction on shaft roughness was found with UHMWPE or PET. The various trends observed in friction of the polymers with variations in shaft roughness may be explained by the contribution of adhesive and deformation components of friction for each material considering their vast differences in elastic modulus and surface free energy.
These results indicate that although using a shaft of reduced surface roughness can favorably decrease the dynamic friction of polymer bearings, it may adversely affect the materials' breakaway friction and thereby increase the torque required for machine startup, a critical issue in some applications such as pumped storage hydropower plants.
Discussions
Running-in behavior
In dry polymer/metal contacts, the reduction in friction during running in is mainly attributed to the formation of a polymer transfer layer on metal counterfaces. The transfer layer partially inhibits direct contact between hard metal asperities and soft polymer surfaces and generally results in reduction of friction and wear rate as sliding progresses. In lubricated conditions, however, formation of such continuous transfer layers is affected by the presence of lubricant in the contact. Although some micropatches of polymer transfer may be found on metal surfaces, 8 due to their low coverage and discrete distribution they do not seem to hinder direct metal and polymer contact. While many polymers are generally regarded as chemically resistant, their interaction with metallic counterparts in a tribological system cannot be neglected. Frictional heat and pressure at asperityasperity contact can enhance the conditions for chemical reaction between polymers and metal counterfaces in water.
In earlier studies on tribochemical reaction of PTFE with metal counterfaces, [11] [12] [13] formation of metal fluorides was detected using XPS when PTFE was rubbed against aluminum, stainless steel, and nickel counterparts. Deposition of the reaction products and formation of such tribofilms on metal surfaces can influence the wettability and surface free energy of the metal surfaces and thus may alter the lubricating and frictional behavior of the surfaces.
To investigate the latter, screening tests were carried out to examine the possible changes in wettability of Inconel counterfaces when sliding against the polymeric materials.
Due to the practical limitations for contact angle measurements on curved shaft surfaces, these measurements were carried out on flat Inconel plates which were prerubbed against the polymers in a simplified test configuration.
Cylindrical polymer pins were rubbed against Inconel plates using a reciprocating Cameron-Plint tribometer. Prior to rubbing, the metal plates were polished to Ra surface roughness of 0.03 mm in order to minimize the effect of surface roughness on contact angle measurements.
14 The experimental conditions for preparation of Inconel plates for contact angle measurements are summarized in Table 7 .
After tribotesting, the Inconel plates were gently wiped by a wet cloth to remove the loose wear particles from the wear track. Contact angle measurements were carried out on polymer and Inconel surfaces using distilled water. Sessile drops of 4 ml were used and contact angles were recorded after 1 s of drop deposition on the surfaces. At least six measurements were performed for each sample and the results were averaged from these measurements. Figure 6 shows the results of water contact angle measurements for unworn and worn Inconel plates and polymer materials.
The results show a significant reduction in hydrophobicity of Inconel surfaces when sliding against the polymers in water.
The considerably lower water contact angle of worn Inconel surfaces from that of unworn Inconel or polymers suggests formation of a reaction layer on Inconel surfaces rather than deposition of a physical polymer transfer layer. The XPS analysis conducted revealed the presence of phosphorous compounds on the worn Inconel surfaces when sliding against all polymeric materials. However, no trace of phosphorous could be found elsewhere outside the wear track. Since none of the polymeric materials contained phosphorous, it can only be deduced that the phosphorous from the bulk of Inconel reacted with the polymeric materials as the passive layer is worn by sliding action in the wear track.
Formation of a reaction layer on the Inconel counterface could have partially contributed to the reduction of friction during running in. However, the significant differences in the magnitude of friction reduction when using shafts of different surface roughness suggest that the dominant mechanism for friction reduction lies beyond formation of a reaction layer or possible changes in surface free energy of Inconel counterfaces. It is well known that one of the major surface characteristics which can affect the tribological behavior of tribopairs is topography of the contacting surfaces. 15, 16 Roughness measurements of polymer surfaces in the contact region of the bearings before and after the tests showed a considerable reduction in the surface roughness of PEEK, PTFE, and PET. Figure 7 shows the average Ra roughness of the polymer bearings before and after sliding against shafts of different surface roughness values. It can be seen that no significant change in roughness characteristics of UHMWPE could be observed due to its relatively high wear resistance.
At low sliding speeds, when the load is mainly supported by asperity-asperity contacts, smoothening of the polymer bearings can reduce the mechanical interaction between the asperities of shaft and bearing surfaces. In addition, this leads to a reduction in real contact pressure between the asperities of the mating surfaces which allow for water to remain between the contacting asperities and act as a boundary lubricant.
At higher sliding speeds, the influence of the surface roughness is even more pronounced due to its key role in determining the lubrication regime between the contacting surfaces.
Film parameter (), which is defined as the ratio of minimum fluid film thickness and the combined roughness of the rubbing surfaces, is generally considered as one of the most relevant parameters to characterize lubrication of sliding surfaces. Although the magnitude of the film parameter may not specifically be associated with a lubrication regime it serves as a strong comparative tool to assess the lubrication status and severity of the mechanical interaction of contacting surfaces in lubricated conditions. Smoothening of the bearing surfaces during running in leads to a reduction in combined surface roughness and thus results in an increase in the film parameter at a specific operating condition. This promotes separation of the shaft and bearing surfaces at lower rotational speeds, shifting the friction curves to the left.
As shown in Figure 3 , PEEK, PTFE, and PET exhibited considerable reduction in friction at high sliding speeds but no such reduction in friction could be observed in the case of UHMWPE. UHMWPE is well known for its abrasion resistance among thermoplastic polymers. This is an advantage for its application as a bearing material but can adversely affect its running-in behavior. The initially rough machined surfaces of UHMWPE bearings as well as its wear resistance are likely to hinder smoothening of the surface asperities. This will considerably reduce the hydrodynamic effects leading to rather unchanged friction of UHMWPE bearings even at high sliding speeds.
This highlights the importance of the as-made surface finish of the polymer liners of sliding bearings especially for wear-resistant bearing materials. Low friction and quick separation of the shaft and bearing surfaces at the very first start-up is crucial to avoid excessive frictional heating, melting, and possible catastrophic bearing failure.
Influence of shaft roughness
The friction curves obtained at low bearing pressures ( Figure 4 ) showed a considerably lower friction when using a smoother shaft. This is attributed to the increased film parameter resulting from reduced combined roughness of shaft and bearing surfaces. Although characterization of worn polymer surfaces after running in showed no significant difference in surface roughness of polymers when sliding against different shafts, a lower combined roughness is obviously obtained with a smoother shaft. This allowed bearings to operate with low friction when a combination of low shaft roughness and low pressure was applied. Figure 8 shows roughness profiles of PEEK surfaces before and after sliding against shafts of Ra ¼ 0.02 mm and Ra ¼ 0.4 mm.
At high pressures, however the lubricant is more readily squeezed out of the contact and a more severe mechanical interaction between the shaft and bearing surfaces occurs. This results in friction levels known for the polymers in the boundary lubrication regime. This is clearly observed in the dynamic friction map of PEEK, where an increase in pressure from 0.3 to 0.5 MPa results in a sudden jump in friction for low shaft roughness values. In the case of PTFE, this transition was not readily observed due to low friction levels known for this material in the boundary lubrication regime.
According to the generally accepted friction models, two main mechanisms contribute to the friction of polymer-metal sliding contacts. These mechanisms include the adhesion component which stems from shearing of the interfaces formed by the asperity contacts and the deformation component resulting from ploughing action for tribopairs with significantly different elastic moduli. Using shafts of different surface roughness can influence both deformation and adhesion components through changes of the real area of contact between the mating surfaces.
A reduction in the real area of contact increases the asperity contact pressure and favors the deformation component whereas an increased real area of contact favors the adhesion component of friction. The opposite trends observed in friction behavior of PEEK and PTFE as a function of shaft roughness may be explained by the contribution of these components to the friction of each material, considering the large difference in elastic moduli and surface free energies of PEEK (E ¼ 3.6 GPa, g & 42 mJ/m 2 ) and PTFE (E ¼ 0.4 GPa, g & 19 mJ/m 2 ). Similar trends were also reported earlier by Quaglini et al. 4 in dry sliding contacts showing that polymers with low elastic moduli exhibited better sliding behavior against smooth counterfaces whereas for high-modulus polymers lower friction could be obtained when sliding against rougher counter surfaces.
While a clear trend in breakaway friction of PEEK could be observed with variations in shaft roughness, no such trend was found in dynamic friction of PEEK. This may be attributed to the presence of a layer of water molecules between the contacting surfaces during continuous sliding. This layer can disturb short-range molecular adhesive forces between the mating surfaces and lead to a reduction in the contribution of the adhesive component of friction in the dynamic friction map of PEEK.
Influence of pressure
While materials' frictional response to variations in surface roughness was varied, in general, a trend of decreasing friction was observed with increasing pressure for all the materials.
Variation in applied load also affects both deformation and adhesion components of friction. With an increase in normal load the real area of contact increases due to the increased deformation of the surface asperities. However, as the asperities undergo deformation their surface characteristics may change depending on the contact pressure and the type of the materials.
In an earlier study, Maeda et al. showed the significant influence of bulk deformation of rubber on its adhesion and surface free energy characteristics. 17 Contact pressure can also affect the shear strength of polymeric materials.
18, 19 Benabdallah 20 experimentally investigated the influence of real contact pressure on shear strength of some thermoplastics identifying three distinctive regions for UHMWPE. The first of which was characterized by a reduction in shear strength with increasing pressure. The second was a transition region where real contact pressure was equal to the yield strength of the material, and the last region was characterized by increasing shear strength with increasing pressure occurring at real contact pressures larger than the yield strength of UHMWPE. This behavior, however, was not consistently observed with other polymeric materials, e.g. PA66 showed an increase in shear strength with increasing real contact pressure even at pressures below the yield strength.
The various surface and bulk responses of different polymers to variations in load make it almost impossible to attribute the trend observed to a single mechanism. However, one should not neglect the possible influence of pressure on formation of tribofilms on Inconel counter surfaces. Increased pressure may favorably enhance formation of tribofilms on metal surfaces which can in turn alter their surface free energy and thus influence the frictional response of the tribopairs. However, determination of the extent and significance of the latter on frictional behavior of polymers requires further investigation.
Conclusions
In this study, the frictional behavior of four unfilled thermoplastic polymers has been investigated using a water-lubricated journal bearing. The influence of shaft surface roughness and contact pressure on frictional behavior of these materials was studied. Dynamic friction curves as well as dynamic and breakaway friction maps have been obtained for different shaft roughness and pressure combinations. The mechanisms involved were discussed. The major findings of this work can be summarized as follows: 1. In general, all the materials showed a trend of decreasing friction coefficient during the runningin period and this trend was consistent for the shafts of different surface roughness. 2. For PEEK, PTFE, and PET, a lower initial friction followed by 50-75% reduction in friction was observed during running in with the smoothest shaft. A higher initial friction and marginal reduction in friction during running in (10%) was observed with the roughest shaft. 3. Contact angle measurements revealed a significant increase in wettability of Inconel counter faces. The XPS analysis suggests formation of a reaction layer on worn Inconel surfaces when sliding against the polymers. 4. The friction maps showed a trend of decreasing friction with increasing pressure; however, the materials' frictional response to changes in counter surface roughness was varied. 5. A trend of increasing friction was observed with increasing shaft roughness for PTFE whereas an opposite trend was observed for PEEK at breakaway. No significant dependence of friction on shaft roughness was found for UHMWPE and PET. 6. A shaft of lower surface roughness may be beneficial for low dynamic friction of polymers in all lubrication regimes; however, it can adversely affect frictional response at breakaway.
